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The Diversity of Metabolism

* Metabolism mostly worked out in a few
organisms (E. coli, S. cerevisiae, B. subtilis, rat)

* Sequenced >1,000 genomes
— Often don't use “standard” pathways

* Cannot predict a bacterium's physiology

- What nutrients does this bacterium need?

— What carbon sources can it utilize?

* New enzymes for metabolic engineering?



Towards Better Models of Metabolism

* Problems with gene annotations

— Incorrect gene annotations & missing steps
— Contradicted by growth requirements or capabilities

— New biology?

* Metabolite data to further constrain pathways

* Use this data, and comparative genomics, to
get better annotations



Outline

* Tutorial on how to annotate metabolism

* Reconstructing metabolism in
Desulfovibrio vulgaris Hildenborough



Tutorial:
Annotating Pathways with
Comparative Genomics

Lies, damn lies, and gene annotations

* Sequence similarity
* Adjacent genes tend to have related functions

* Look at entire pathway, not just individual genes



Similarity to Characterized Enzymes

* Known enzyme families (COG, PFam, etc.)

— Enzymes within a family often prefer different substrates

COGO0119 includes
2-1PM,
homocitrate,

citramalate,
Re-citrate synthases,
glutaryl-CH20H lyase

PF00682
“HMGL:-like: various
aldolases & a region
of pyruvate
carboxylase”

VIMSS207383: 2-isopropylmalate synthase/homocitrate synthase family protein (TIGR), 538 a.a. [Desulfovibrio vulgaris Hildenborough]
Description Dornain 1D Range Ident | E-value |Start|End|Tree
Aldolase SSF51569 —— 0 11297 T
Isopropylmalate/homecitrate/icitramalats s@ COGOo119 — 1e-85 3| 429 T
LYASE PDE:2cwBA I [23.3%:| 1e-08 3| 284
Aldolase-type TIM barrel G3DSA:3.20.20.70 e — 0 3283 T
LYASE /CXIDOREDUCTASE PDE: A nvmA I | 24.6%| 5e-09 3| 254
2-isopropylmalate synthase/homocitrate synthase related TIGR00g77 T — 0 4/535 T
Pyruvate carboxyltransierase PS50991 e s — 5| 270
| Alpha-isopropylimalate/homocitrate synthasQ PS00815 B 12| 28
Pyruvate carboxyltransferase PFDOG82 - 8.4e-31 13/285 T
[low-complexity (repetitive) sequence] seg i 92| 102
ISOPROPYLMALATE SYNTHASE RELATED PTHR10277  — 0 109| 527
CARBOXYLASE:PYRUVATE/ACETYL-COAPROPIONYL-COA
CARE PTHR18866 — 0.00098 | 154|227
[low-complexity (repetitive) sequence] seg i 221|232
LeuA allosteric (dimerisation) domain PFOgs02 H 2.3e-29 | 378|526 T
[low-complexity (repetitive) sequence] seg ¥ 378| 389
2-isopropylmalate synthase LeuA, allosteric (dimer S5F110921 — 3e-19 401| 526 T

“Domains & families” tab from MicrobesOnline.org



Similarity to Characterized Enzymes
* BLAST hits

— Below 50% identity, function often changes

— Which homolog is most relevant?

28.57% |- 2-isopropylmalate synthase (leuA) Methanocaldococcus jannaschii Cart
27.81% 2-isopropylmalate synthase (leuA) (see papers) Methanocaldococcus jannaschii Cart
P 128.78% 2-isopropylmalate synthase Desulfavibrio vulgaris Hildenbarough Cart
25.38% 2-isopropylmalate synthase Leptaspira interrogans, L1-130 Cart
25.38% alpha-isopropylmalate synthase Leptaspira interrogans, 56601 Cart
31.28% 2-isopropylmalate synthase (leuA) Methanocaldococcus jannaschii Cart
27.85% alpha-isopropylmalate synthase Leptospira interrogans, 56601 Cart
27.85% 2-isopropylmalate synthase Leptospira interrogans, L1-130 Cart
22.43% alpha-isopropylmalate synthase Leptospira inferrogans, 56601 Cart
22.43% 2-isopropylmalate synthase 2 Leptospira interrogans, L1-130 Cart
P |26.36% homocitrate synthase Desulfovibrio vulgaris Hildenborough Cart
P 124.80% HMGL-like domain protein Desulfovibrio vulgaris Hildenborough Cart
23.55% | Hydroxymethylglutaryl-CoA lyase L eptospira interrogans, 56601 Cart




H
n.lf=ite

Phylogenetic Trees E

Homocitrate

Citramalate

* Protein function is conserved

LeuA (?)

have consistent functions

by evolution
* Phylogenetic groups (clades) often 2-IPM (LeuA)

Citramalate?

Rooting is arbitrary
X axis is evolutionary distance



Functional Residues

* E.g. catalytic residues in the active site

* Confirm that gene is likely to be an enzyme, but

— Specificity-determining a. a. usually not known

- Variant amino acids can function

Active site R o H

Zostructure TTEEEEE CCCEHE HHHHHHHHHH TCEEEEE TTC GGGHHHHHT TTEEE ]

HMM Gl SEYNY iRt abeRR Hac Bechistser ovPelere oBlE chERBRGS rrHY

L e nBlowlE _ul. SSe i eeennnnnn i B0 . .8 _ ealme.BEla,

Sequence ypTaT| | YARCKVID I( LII( LKECWIAGAGLDYYEEEFYYNE-EL- F LD YWLTPHI

240 260 270 290

Sequence-HMM alignment, with Pfam annotation, from MicrobesOnline.org



More Characterized Enzymes

Pathways in MetaCyc, e.g. Isoleucine synthesis Il

Citramalate synthase

citraconate hydrolase {(Mj):

Mj-leuD Mj-len’

isopropylmalate

u] {R)-citramalate synthase (Mj): Mij-cimA isomerase (Lij: Li-lenD Li-leuC o
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OH - »- OH
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Similarity to Characterized Enzymes

Homologs from M. Jannaschu & L interrogans (MicrobesOnline.org)

VIMSS207383: 2-isopropylmalate synthase/homocitrate synthase family protein (TIGR), 538 a.a. [Desulfovibrio vulgaris Hildenborough] ﬁ‘
BLASTp Report: [200 ¢l [ homologs in selected genomes ¢l [ change ]
Annotation: 2-isopropylmalate synthase
Be=t
cos | 33.33% — C0G119 (E) Isopropylmalate/homoc - .
J. Bacteriology: citramalate synthase
Bt | 0% dvu:DVIUI1914 2-isopropylmalate syr : o X .
HEEs N 2-isopropylmalate synthase
- 50.57% OB6682|LY41_AQUAE Putative AIPM/Hcit synthase family transferase ag_356 (EC 2.3.3.-). Aquifex
Urifrar | LS4 AE aeolicus. (0B6682)
28.57% | 2-isopropylmalate synthase (leuA) Methanocaldococcus jannaschii cart| | |
27.81% — 2-isopropylmalate synthase (leuA) (see papers) Methanocaldococcus jannaschii Cart
P 28.78% 2-isopropylmalate synthsﬁs\ Desulfovibrio vulgaris Hildenborough Cart
25.38% - 2-isopropylmalate synthase \ | eptospira interrogans, L1-130 Cart
1 L
25.38% - A service of the U.S. Mational Library of Medicine My NCBI
" - and the Mational Institutes of Health '
3128% ) N CBI Pu b ed Welcome mnprice. [Sign Ouf
www,.pubmed.gov
27.85% All Databases PubMed Nucleotide Protein Genome Structure OMIM PMC Journals Books
27.85% Search | pubMed :| for| |[ Go | [clear | Advanced Search (beta)
SRR [ Limits T Preview/Index T History T Clipboard T Details W
o About Entrez ,
22.43% Display [Abstract :] Show l 20 ¢l l Sort By ¢] lSend to ¢]
. 56 36% Text Version ( \
P All: 1 Heview: 0 .
P 24.80%
........................ Entrez PubMed
23 559 Ol , [J1: ] Bacteriol. 1999 Jan; 181 ):331-3. Related Articles, Links
........................ verview RialVersic full Text article
23.55% Help| FAQ ] Badteriol [m PubMed Central
Tutorials
,. (R)-citramalate synthase in methanogenic archaea.
Done New/Noteworthy &
El lilitiae




Gene Proximity

* In bacteria, adjacent genes tend to have related
functions

— Because of operons & horizontal gene transfer
* Helps predict a gene's function

— which member of a family has a given function

— candidates for missing steps

* Look at close homologs, even if the gene itself
has no relevant neighbors



The 2-Isopropylmalate/Homocitrate/Citramalate/Re-citrate Synthase Family

H
n.l/zite

Re-citrate?

Citramalate

Homocitrate

Citramalate
LeuA (?)

2-1PM (LeuA)

iICitramalate?

rooting is arbitrary

SCEIE | | | | | | | | |
1k =k 3k 4k sk 6k 7k &k gk
Desulfovibrio vulgaris Hildenborough (- strand, 441793, 4517932
dusE dsrA DYUO401 DWUO400  DWU0S3S COG-Leufl r1pA < Jhit COG1242 una
- | = e T — < | Sl
Methanocaldococcus jannaschii ©+ strand, 13359585, .1345958)
HI15ES Hlissd <] HJisal HI1582 HJ1395 HJ 13584
< S [ = | e
Nostoc sp. PCC 7120 (+ strand, 16674dd,.1677d4dd0
1r-14 03 COG-CyzE nifll COG-NusE COG-MzcC COE-CAML
- - > sl P e, e, << S i
Leptospira interrogans. 56601 chromosome I (- strand, 2321071..2331071)
LAZ353  COG-DedA LA2352 CeoinA COE-Pth  [ers COE-He 1y COG-Hs 1l L
- ] = [ e | e | b
Desulfovibrio vulgarizs Hildenborough O+ strand,. 3083006, .3093606)7
<] C0E3eT2 l[;- CoEinil COG-Psd pEsh 1euf Lt 1wl COE1STE 1euE
< = | = | P I e ——
Candidatus Desulfococcus aleovorans Hxd3 contig - strand, 20135, 30138
COG-I1uE COG-I1uH COG-I1ut COG-Laufl COG-Laufl Do lzDRAFT_MSESORAFT_0925
< L ]
Caldicelluloziruptor zaccharoluticus DSM 8903 contig (- strand, 13194..231943
_ COoG-ILuE COG-T1uHCOG=I1ut COE-Leuf COG-Leur = o coazsn
s = <
Ezcherichia coli K12 (- strand, 77744,.877442
iluH ilul leul []éieuﬂ leub leul lewl setA
<L (- A~ e I
Dehalococcoides ethenaogenes 195 (- strand, 7535802, .763502)
ilull ilub ilul ilul lauH DETOS259L 2l laul laub COG-Lauf

Rubrobacter xulanophilus DM 9941 (+ strand, 3136250..

COG-T1uE Rxfl S1PEG-I1ui COG-T1uE

Rubrobacter xylanophilus OSM 9941 (+ strand, 3139014, .314059

0G-GriR  COG-SdhA

- 0G-I10E COG-Lewd COG-Leub COG-Leur COG-GnkR  C0E-SdhA COGF1E1 Ryl 515 o
[ - - [ < o | ] o

Caldicellulosiruptor saccharolyticus DM 8903 contig - strand, 11305..213052
COG-11uE CO0G-11vHC0E-I1u COG-Laurl COG-Lauf [ [ coa2sdn <] COGIEE2

g S [
Candidatus Desulfococcus aleovorans Hxd3 contig - strand, 21665..31665)
COG-I1uD  COG-I1uE COG-I1uH C0g-I1u COG-Laud COG-Laud Do 120RAF T_MIESORAFT 0925

e i |

Dehalococcoides ethenogenes 195 (- strand,. 748573..758578)
leudt DET0525 eul: leul  leuE COG-L eufl COG-NfRE  COG-RtcE COG1571 DETOS21  DETOS20 |-
[ g g k2 B | e e

Dezsulfovibrio vulgaris Hildenborough o+ strand, 1984739..19947390

Cr cocss COGIEEN COGH0E  COG-LusC C0G-Leud <] husE hush COG-Huall <] [
i S s s L e R — [ N » o

Tree-browser from MicrobesOnline.org



Reactions of the IPM Synthase Family

oxalacetate + acetyl-GoA + H O <=> citrate + CoA
pyruvate + acetyl-CoA + H O <=> citramalate + CoA

3-methyl-2-oxobutanoate + acetyl-CoA + H O

<=> 2-isopropylmalate + CoA

«-ketoglutarate + acetyl-CoA + H O <=> homocitrate + CoA

acetoacetate + acetyl-CoA <=> HMG-CoA



Pathway Analysis

* Pathway analysis

- if genes for 9/10 steps are present, 10" step is
probably there too

— Conversely, if only 1 step of a pathway is annotated,
it's probably wrong



Missing Steps in Lysine Synthesis

Glycine, serine and
e onine metabolism
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KEGG Map from MicrobesOnline.org




Summary of Tutorial

* Lies, damn lies, and gene annotations

* Annotating pathways relies on
- Similarity to known pathways
— Gene proximity
- Pathway analysis

* Questions?



ldentifying Pathways in Desulfovibrio

* D. vulgaris Hildenborough (DvH) is a model sulfate-
reducing bacterium (6-Proteobacteria)

— oxidizes lactate to acetate

* No annotated pathways for synthesis of lle, Met, Lys

— but it grows in defined media (no amino acids)

* Questions about the TCA cycle and folate synthesis

* |'ve predicted a bunch of pathways...



Experimental Approaches

* Metabolite labeling (Yinjie Tang)

* Presence/absence of metabolites (Peter Benke,
Edward Baidoo, and Aindrila Mukhopadhyay)

* Gene knockouts (Grant Zane, Judy Wall's lab)
* In vitro assays (Swapnil Chhabra, Keasling lab)

* Complementation assays (Swapnil Chhabra)



Isotopic Labeling Analysis

 Grow DvH on 1-°C lactate

* Analyze labeling of amino acids (GC/MS, FT-ICR/MS)

* Infer sources of amino acids & metabolic fluxes

— TCA cycle ends at «-ketoglutarate & succinate

* labeling of glutamate confirms Re-citrate synthase

— isoleucine does not originate from threonine + acteyl-CoA

NHQ NFZ
Threonine *CH3-(I)H-CH-*COOHX> CH3-CH-CH-*COOH Isoleucine
OH CH2
CIH3

Y. Tang et al. 2007, J Bacteriol. 189:940-9



Tricarboxylic Acid (Krebs) Cycle

pyruvate
€O, o ? .
(9) acetyl- S-CoA < DvVH as atypical

»
0 CO, D W stereochemistry:
107

O

oxaloacetate citrate ¥ Re-citrate Syn’[hase
O O @ + @
NADH +H (gene was unknown)
NAD™"
malate isocitrate
NAD"
@) 3
NADH+H' Co,

fumarate ketoglutarate DvH genome

FADH, NAD" |
FAD N@}{?V\’ co, has possible
O GLE, GDETE; @ «-ketoglutarate

succinate @ succinyl-CoA

- synthases




Finding Re-citrate Synthase
Might be a member of the IPM synthase family?

Adjacent to aconitase in Clostridia!

Dezulfovibrio vulgariz Hildenborough - strand, 441795, .d51798)

+OOG-L L %dsrﬁ i:u.luu-mi;ﬂnuuu-\\un} Fuuusaa GOG-LeuA r~1?n < ]hit ﬂ
Desul Fovibrio dezulfuricans G20 (+ strand, 145753, 165753
cob-Leun ey O E— | e ee—— e R

Suntrophobacter fumaroxidans MPOE (- strand, 4036470, .d0dad700

COG-Hi=s COG-AspsS COG-L A COG-R1pA COG-Hi=0
COG-Leun s L e s

Suntrophus aciditrophicus SB (- strand,. 1505532, 15155320

COG-ComEC COG-Hizs COG-AspS COG-LeuH COG=UurD con
Nl g e s S

Cloztridium acetobutylicum ¢+ strand, 1111727..11217270

COG=LauA Icncn-aee . i:ncu-aa? - <] CACO8G COG-Lauf CitE citl
Caldicellulosiruptor saccharolyticus DSM 8903 contig (+ strand. 6877..16877
<] COG276EE CeacORAF TCAGABRAF T_1296 CE-L 2w COG-Aral  COG—FurR COG—Ar-aE

EDG_LEUH I } {S-ICIC | =14 { [adx | I | {- K3
Caldicellulosiruptor saccharoluticus OSM 8903 contig (- strand, -3867..6132)

COG-LeLd :bcusnz;cuﬁ ~Dirak }1130131??4 - i:l:usis 2 - COG-L eud

Clostridium cellulolyticum HL1O contig (- strand, 175..10175)
COGE-PurD COG-Tar [ CoG-TraS COG-LauA COG-AchA COGE-1G
COG-Lewh || > < — @:

Caldicelluloziruptor saccharaluyticus 0OSM 8903 contig (- strand, S075..18078)
- CoG-hifD COE-F+ 1A :}FDG—H-:-:IH £0G-CysU COG-Lauf DF:-::-:DF:HFT 155G £0G-Livk

COG-Leur

E-mailed Gottschalk, the discoverer of Re-citrate synthase
tested the Clostridial enzyme in vitro (F. Li et al. JB2007)



DVU0398 is Re-Citrate Synthase

* In vitro, cleaves acetyl-CoA in presence of oxaloacetate

- requires Mn* for activity; inactivated by O,

— Swapnil Chhabra & Sam Meyers, Keasling lab

* DVU0398 knockout requires «-ketoglutarate, glutamate, or
glutamine to grow

— confirms TCA cycle is broken at «-ketoglutarate dehydr.

— Grant Zane, Judy Wall's lab



Predicted Citramalate Synthase DVU1914

Acetyl-CoA leuCD leuB Pyravag CO,
CHs-CO-Col Citramalate —— 3-Methy|oxalaceta’[ev’Z'OXObUtYrate > |soleucine
HOOC-(Il(OH) -CH2-COOH HOOC-CH -CO-COOH CHa-CH2-CO-COOH ilvBHNCD II\IH2
CH3 CHa CO, CH3-CH-CH-"COOH

Pyruvate
CH3-CO-*COOH

C|H2

CHs
50% label of lle could be due
to reversible decarboxylation

Green: identified by metabolite analysis
(Edward Baidoo & Peter Benke, Keasling lab)

DVU1914 is a member of the IPM synthase family
* close homologs of DVU1914 are often near leuA, ilvBCDHN

* >50% identical to recently identified citramalate synthase in G.
sulfurreducens (C. Risso et al. JB2008)

* Cloning into E. coliilvA™ strain (Swap)



The 2-Isopropylmalate/Homocitrate/Citramalate/Re-citrate Synthase Family

H
n.l/zite

Re-citrate

Citramalate

Homocitrate

Citramalate
LeuA (?)

2-1PM (LeuA)

| i 2 COGES COGIEZOCOGE302 COG-LysC COG-LeuA hazE
Citramalate? [ | o T - S — 22

rooting is arbitrary

SCEIE | | | | | | | | |
1k k 3k 4k sk &k 7k ah gk
Desulfovibrio wulgaris Hildenbhorough (- strand, 4417938, .4517938)
dusE dsrA DWUO401 DYUO400  DYU0S99 COE-Leur r1pA < Jhit CoE1242 ung
- Y | = o | > - [ << | e <
Methanocaldocococus jannaschii o+ strand. 13359953, .13459530
HJ15&E Hlisgs <] HIi381 HJi382 HI1393 HI1394
< <L [ = | o
MWostoc sp. PCC 7120 (+ strand, 1667d4dd . 1677444
1r1403 COG-CysE mifll COG-NusE COG-Hzct COG-CAM1
- - > e P ™ s S SE —
Leptospira interrogans. 58601 chromosome I (- strand, 2321071..23310715
LAZ353  COG-DedA LAZ352 Ceini COG-Fth  [heers COG-Hs 1V COG=Hs1U =
< ] = [ e | e | b
Dezsulfovibrio vulgaris Hildenborough O+ strand, 308360060, . 309360670
<] CoE3eT2 |[> coEinil CoE-Psd pssh 1euf Laul: leul COG1STE L
7 = | = | e I s -
Candidatusz Desulfococcous oleovorans Hxd3 contig - strand, 20135..301382
COG-I1uE COG-T1uH COG-I1uC COG-Lauf COG-Laufl Do l2DRAFT_BSESDRAFT_0925
-:i L ]
Caldicelluloziruptor saccharolyticus OSM 5903 contig (- strand, 131594, .23531943
_ cCOoG-ILuE COG-11uHC0G-11uE COG-Laul COG-LeuR [ [ CoG23dn
[~ [ = (=
Escherichia coli K12 (- strand, 77744,.87744)
iluH ilwl lewl []%ﬂeuﬂ leub leul leuD et
< [~ - e I
Dehalococcoides ethenogenes 195 (- strand, 7535020763502
iluD ilub iluM ilull lauf DETUB;?ILEMC laul lzub C0G-LewAd

RFubrobacter xylanophilus DEM 9941 (+ ztrand, 3136250..

COG=T1uE F!J-cfl S1PRG-T1ul COG-T1uvE

Rubrobacter xylanophilus 0OSHM 9941 O+ strand, 3139014, .3145

OG-GntR  COG-SdhA

-0G-I1uE COG-Leur COG-Leub COG-Leud COG-GhbR  COE-SdhA COGF151 Ryl 3150 o
7 (- |- R | = =

Caldicellulosiruptor saccharoluticus DM 8903 contig - strand, 11305, .213052
COG-11uE COG-I1uHC0G- 11wl COG-Leud COG-L2ud [ [ coa234n <] COGIES2

[ gy o =
Candidatus Desulfococcus oleovorans Hxd3d contig - strand, 21665..316652
COG-I1uD  COG-I1uE C0G-I1uH COG-T1ul COG-Lauf COG-Lauf O LaORAF T_MSEE0RAFT_0925

< i |

Dehalococcoides ethenogenes 195 (- strand, 748573, .7585730
1eun nETuaigleuc . leul 1euEs COG-LeuR COG-HFRE  COG-RtcE gmsnl IJETUSMHDET[ISzIJ }:::-
[y - -~

Dezsulfovibrio vulgaris Hildenborough o+ strand, 1984739, .199473970

ha=H COG-Hyal
s s e Ab

Tree-browser from MicrobesOnline.org



Methionine Synthesis

OH NH;
O
NOHAspartate ~ " Homoserine k/kfﬂ
OH  NH, Activation% oH
O-modified-homoserine
Sulfhydrylation i( o
adenosine Q.\..Eua
S-adenosylhomocysteine (SAH) > Homo ysteine 0
0
methy! T methyI-THFg
donation THF 0, 07

S-adenosylmethionine (SAM) Methionine ._ i N
R L,
PI, PPi ATP ':|:H2

H,C—S

but we know DvH & G20 can do it



Activation & Sulfhydrylation

Homoserine

Threonine
‘MnetXl \‘@A /

O-succinyl-homoserine O-acetyl-homoserine  O-phospho-homoserine
SO
cysteine

) metB  metw?
v

(to cystathionine

cysteine sulfide in plants)

succinate

cystathionine acetate
O

NH,
NH, H
metC, malY or patB?
HS

oyruvate homocysteine

ammonia ‘éij%
0

metY or metZ or meti7



Methionine Synthesis Mystery

* Homoserine not seen by metabolomics

— Thr synthesis expected to require it

— Has the enzyme to make it

- Present at low levels??

* Knockouts still grow w/o external methionine
- “metW’, DVU3369, “patB”;, DVUO171
— Grant Zane, Judy Wall's lab



More Methionine Experiments

* Gene expression with added methionine
(Joe Zhou lab)

— Not helpful yet

* Inhibitors of the known pathways (Aindrila)
* Protein complexes of adjacent enzymes (Swap)

* D. alaskensis G20 has a similar mystery

- Systematic mutagenesis (Adam D. & Jen K.)



Missing Steps in Lysine Synthesis

Glycine, serine and
e onine metabolism

L-&apartate

3@l b

L-4-Aapartyl
phosphate

A apartate

metabolizm

Glj.rculj.rms

‘é H-:umncitr&te
Aocetyl-Cod

$

Dezulfovibrio wulgaris Hildenborough

LY3INE EBICSYMNTHESIS

L-Homoserine

H-cetyl-L-Z-amino-

questionable

,

E-oxopihnelate
—_— H-Acet]-LL-2 5-
Sl 0 @—h? dinminopimelate
Auceinyl-LL-2 A-
L-2 ,3 ijrdrndipicculmate i
215 312 35147
L -& 3partate L-2.3 -4,5- H-8ne cinyl-L-2-am ino-
J-germnialde ade Tetraldro- B-0xopimelate
dipicolinate
JDP-H- L nramoyl-
e ¥ L-E-Amiru:u- mean-2 fi-Diaming

L-alanyl-D-glutam wl-

mesn-2 f-diaminopimeloyl  BroXopinelat

4 1.16
Pepudnglycan D alanj,rl Lr-alanine = -3 1 s
hmsmﬂjﬁms O -

JDP-H- a;:etyhnummnyl
L-alanyl-D-glutarm vl-
mean-2 f-dianinopime late

o-Adenyl-2- ci-Aminoadipoyl-
aminoadipate S-acvl ensvime

$—| 12131

L-2-Aminoadipate

Homo-ciz
a;:u:urdtate

-l-|151 1|:||-I-D-I—I-O

Z-0o-
?glutamte [4.2.1 36] [12.131] G-semialde e -
Homo- L-2-Amino- | LysW
isocitrate adipate Lysx ."D_| Ly |_."'O_| Ly=¥ |_."Oﬁ Lyst degradatdon
N2-Acetl-  H2-Aretyl- H2-dpetyl- Nz-Acetyl-
Pyruat: [T1157] [26.159] L-amino-  L-aminoadipyl L-aminoadipate Ll¥ene
Citrate cvcle | | metabolism — — adipate &-phosphate semialdehide
11187
Cxaloglutarate  2-Oxoadipate

00300 21ei0S

KEGG Map from MicrobesOnline.org




Diaminopimelate Synthesis

DvH missing steps from tetrahydrodipicolinate to L,L-DAP

aspartate  lysC
asd

aaps N-succinyl- dapD argD/dapC dapE Peptidoglycan

dapB patV\ /
tetrahydrodipicolinate dapdh/ddh dapF
~ dapdh/aah

L,L-diaminopimelate—»meso-diaminopimelate

N*@\/ \ lysA

pathway  ykuQ patA ykuR Lysine



Direct Amination (Arabidopsis

aspartate semialdehyde
aspartate kinase (At): dehydrogenase (At):
';L/\ At-AT3G02020 EH 'ﬁ' At-AT1G14810 'ﬁ
2724 HO—F — 0 L 1.2.1.11 H
HO ™ ™ g’DH S OH - " OH
fiH NH H
L—aspst?taie L—aapm’tyl—dwhuapﬁe L—aspm’tate—aemlaldehqde
ATP ADP HADPH phosphate
MADP* ) N
dihydrodipicolinate /fpymuaie
= ~gynthase {Gm): Gm-Daph
42152 '\H
Ha O
L,L-diaminopimelate 1
HH NH aminotransferase {At): oH oH dihydrodipicolinate aH ¥ OH
2 212 At-AT4G33680 reductase (Zm)
= 25.1- M 13126 L
a O - O o
L.L-diaminopimelate 2_ketoglutarate H,0 tetrahydrodipicolinate  (yapipy* H* L-2,3-dihydrodipicolinate
L-glutamate MAD{P}H
diaminopimelate

epimerase (Zm)
5117

diaminopimelate
decarboxylase (At):
At-ATSG11880
diaminopimelate
¥ decarboxylase {At):
HHz HHz At-AT3G14390
a 41.1.20
oH

p=HO
H \‘
reso-diaminopimelate

COy

Arabidopsis L,L-DAP aminotranferase
Is similar to DVU1655

pu—

MNHE

t'ﬁyaine

=l



Bacterial L,L-DAP Aminotransferases

+azpld

azpld

aspCd

COG4 36

+COGA 36

+C0G4 36

+C0G4356

Dezulfovibrio wulgariz Hildenborough O+ strand, 1732175..17421758)

hit COG-Pchb werD aspld folk [  GOG-Hipf COG-BacA COGTAS
< - ] L - [ e vl ol | DI
Desulfovibrio desulfuricans G20 O+ strand, 2290615, 24006150
hit COE=Fenb ekl asplé folk = htrE CoEzizd recb A
] [ = - k-
Aguifex aeolicus WFS (+ strand, 171990, ,151990
agq 267 COG 1859 CORTZ0 _ lak aq 271 a9 272 azpld COG32E COG3EEL COGEEEN COG1824
[ = | el | | C o= | = - ke ko
Methanozaeta thermophila PT (+ strand, 854234, .864234%
COG-0tsA COG12 04 COGHEE COG-Leus COG-ThiJ <]
< ] = ] [ D ]
Moorella thermoacetica ATCC 39073 (+ strand .
COG-HatA P B - [CoGE-Dfp COG-Hatk =
[ 3 [ - =

Dehalococcoides ethenogenes 195 (- strand, 6757 7280 < o g

k COGHESS tEif raiah dapF G456 0G-H¥ 1% COG-Fabl ET0734 G-Lpd
—" | 2 9 S
Gloeohacter wiolaceus o+ strand, 4299172, .4300172)
alrdl0n alrdiil qlrdld? aleding [ COG-SPE1 COGSE alrd109 alrd11n COG=AdhP alrd11Z
[ = == == = = [ = = < ] | =

Homologs of DVU1655 adjacent to dapF (the next step)
Some were recently shown to complement E. coli dap
A. Hudson et al., JB2008

Cloning DVU1655 into E. coli dapD-/dapE- strain (Swap)



Chorismate Synthesis

Required for synthesis of aromatic amino acids

E4P from the pentose phosphate pathway

0
aroA co MOH
f’*ﬂ R

POZ

l:l:h:l

D-Erythrose-4-P 7-Phospho-2-dehydro-3-deoxy-
D-arabinoheptulosonate (DAHP)

3-Dehydroquinate
synthase (aroB) Tyrosine
2 OH » » > Phenylalanine
2
- _: Tryptophan

3-dehydroquinate shikimate chorismate



Archaeal-Type Pathway

In Methanococcus & Methanocaldococcus
|. Porat et al. Mol. Micro. 2006; R.H. White & H. Xu Biochemistry 2006

i
HO—£—0H 0]
@]
| o Methylglyoxal
CH, HZC—D—F:':D + )J\//O ygy . . .
s OH (from side reactions of triose-phosphate isomerase?)
OH
2H

Fructose-1,6,-bisphosphate

L-asparials o H. P
semialdehyide
DKFP ¥ & [=={) VT -dahydmoguimig
o CH.OP CO0 _ coo acid {DHE)
aldolase N G L=q o aNH;
w el g ¥ s H =t HO OO0
; ] «CH; eCH, o .
HO-CH + oCH, . _OH v . shikimate,
H=0H C’ — =" O=CZ  _C | (TH
] o arod’ L X arog’' etc.
« C=0) 0 Ho® MW H U 'H
_ " HO Mg
*CH; 2-amino-3, 7-didenxy-D-hreo-
B-gaoxy-S-kelofrucloss hapt-G-ulosonata (ADTH)

1-phosphate (DKFP)



D. vulgaris has archaeal-type pathway?

Desulfovibrio wulgaris Hildenborough O+ strand. 923966..9339662

e — e 5 e i —

Oesulfovibrio desulfuricans G20 o+ strand, 955410, . 9654100

COGELS ot COG=-Fhak COG-Fhak CoG1465 heA A COG=TurA trpE
COGLAES e —d , - R . phed LU L g A—

Suntrophohacter fumaroxidans MPOE (- strand, 3361236,.33712362

Cfur_ 2728006 137 LOGS2S COG-RtcE [CrcoGi4s COG—PheR COG-Arel COG-AroE COG—Ar-oA
LOG1463 e < | | > > b
Candidatus Desulfococcus oleovorans Hxdd contig (- strand. 43247..53247)
COGL465 <] CoGiz0s COG—Fbab COG 14565 COG-FheR COE-AroR COG-Arck  COG-ARol S
[ = | =1 = [ b
Aguifex aeolicus WFD (- strand, 1347785, .13577585)
tufA2 huuE COE1521 1923 COG L1465 £1iP 2 1917 +rxAl COG1305
HOGL4ES g - o e I s i £ ST
Methanothermobacter thermautotroph. o+ strand, 514756, .524756)
+OOGL4ES COGIESS [ COS-HISZ  COG15§29 MTHS?5  COG-FhbaE COG 1465 HTHS31 — [[osCO&-LisT  COS-CCAL COG-PRIL COG-PRIZ
<] < | [ VR [ [ = | ] |
Methanocaldococcus Jjannaschii O+ strand, 1186906..1196905
MJ1243 Hii242 <] i- H11246 I Hliz47  HILZ4S P49, 1411250 HJ1252 HJ1251 HJ1253 H.J1254
< - | [ = N [ < I el ] |
Methanococcus maripaludis o+ strand, 10878, .20875)
COG-S21A  korA COG47S HHE 0005 COG 1465 COG 1646 DF1 COG-PRIZ <]
*LOGI48S | o < | < | [ 2 |
Methanosaeta thermophila PT o+ strand, 555015, .5650152
COG 14 (EOG-SudE COG-Suf T Hihe 0535 COG146S COG-Ar-oD Hihe 054006456 Hiha 054300G-ThiF
ol +C001065 AT i ) T ke — ) R Fa
Methanopuruz kandleri AY1Y (- strand. 1433325..1443325)
COG1465 Cobd  HE1413 Kch 2 COG2423 [T=Ebak COG1465 COG70L HE 14 06 HE 14 05
< [ el ] [ = - = = | =1 =
Natronomonas pharaonis 0SM 2160 o+ strand, 1082761..1092761)
+OOGL465 OG- 1pG COG1413 WP 2Z34R COEZZES COG 1465 ar-al NPZ242A COGSA2 L4bA_S =
- [ - [ el | [ < < | = =

3-dehydroquinate synthase in an aromatic a.a. synthesis operon, next to



. Vulgaris has archaeal-type pathwa

Desulfovibrio wulgaris Hildenborough (+ strand, 523071, 5330713

+0OG_Fhaf  ©lDuuodss COGELE COG=R%h <0y C0&E-Fbab COG1465 }ICIIIG—PheH arofl COG-Turfl [
Oezul fovibrio desulfuricans G20 (+ ztrand, 954505, 9645057
COG-FbaB [Ccoesis {:}::m I COG-Fbab COG-Fbab COG1465 }rh_.zn . ar-ofl cuG-Ti»n B
Desulfovibrio desulfuricans G20 ¢+ strand,. 953670, . 08636700
COG—Fhak [___ecobu COGE1E {:q{m I COG=F bk COG—FbaE COG146S }rh_en - argh [
Aguifex aeolicus VFS (- strand, 1094647, .11046d47)
+COG-Floak E 1562 Elﬂi :‘E 1555 IE_EEH ICDG—anB fabl :}cum?as»in Ippa -_Hl-ipsF }:‘E 1545|
Methanosaeta thermophila PT ¢+ strand, 546025, 5560253
COG-CorA COG-Tagh COG-Spollk COG=F bk 'S | COG-Lhr COG1407 COG-SufE
*LOG-Fhal | " > e | = oy |
Archasoglobus Fulgidus - strand,. 959796, .105796)
COG1759 COG-CIRZ COG2E24 COG2 024 [ CilG=F Lok I B o166 0061751 COG4742  AFO101
*COG-FhaB | | > | s 1 | s ¥ o
Methanosaeta thermophila PT (- strand, 636960, 64696070
COG-Pholl COG-Phall COG-ACHL Hthe 0615 COG=F bk Hihe 0616 Hthe 0615 =
*LOG-Fhab ] o ] [ = | < | M
Methanncalciufhuccus Jannazchii o+ str*arE., STFQ0O0, C3ET000)
<0335 10347 Bl Ha039s HI0399 HI0400 10405 HI04 04 HI0405  HJ0406 10407
MJo400 . | | Rl | R I+ | |
Methanococcus maripaludis O+ strand, 669549, 6795490
COG-Ur-afl HHPDGEZ sy hsp2 0 COG226F COG-Fhaki +Eifl COG2 024 COG2252 COG-NapH
HOG-FhaB o | = | < | e | - | | > ]
Methanocorpusculum labreanum 2 (- strand, 1677964, . 16879640
+COG-Fbak COG-TreF  COE2520 COG-ThiE  COE-ThiM COG-HMG 1 COG=F bk COG1465 COG-AroE COG16SS COG-Arofl =
e < ¥ ¥ ¥ ] [ = - | = b I

Archasoglobus fulgidus (- strand, 202579, 2125793

| FanF-3 <] hitpR AF 023477  alnP 31lnH COG-Fhak COG146S aral hef moxk raE-1
LOG-Fhab <0 |7 | e < | < Bl me— et o

ADTH aldolase. But where does the DKFP come from?
DvH has no close homolog of the DKFP aldolase
Does DvH even have methylglyoxal? (No mgsA)



Chorismate Synthesis, Next Steps

* Cloning DvH aroA' and aroB' into E. coli aroB™ (Swap)

— Should complement if aroA' is a bi-functional aldolase
or if the starting substrate is in E. coli

* Metabolite measurements, but
— standards are not readily available

— key compounds are uncharged or phosphorylated



Folate Synthesis

f)(B
GTP»>» 7,8-dihydroneopterin = 6-hydroxymethyl- »>» tétrahydrofolate

7,8-dihydropterin
* DVU1658 predicted Dihydroneopterin aldolase

- based on gene order & absence of folB/folX

- V. Crecy-Lagard et al., BMC Genomics 2007

* Jennifer K. is knocking it out



Summary:
Revisions to DvH Metabolic Annotation

Incomplete TCA cycle with an atypical Re-citrate synthase
Synthesis of isoleucine via citramalate synthase
Synthesis of methionine via cystathionine & homocysteine
Synthesis of lysine via L,L-DAP aminotransferase

Synthesis of chorismate via archaeal-type aldolase &
3-dehydroquinate cyclase



